Purpose Biochar has excellent potential to improve crop yield and quality, but its effects vary depending on soil type and agronomic inputs (e.g., irrigation and fertiliser). In this study, we investigate the effects of biochar on peanut productivity and crop quality under different irrigation and fertilisation regime in red Ferrosols. Materials and methods We applied peanut shell biochar (9.2 t ha −1 ) on a red Ferrosol under field conditions to examine the effects of biochar, irrigation, fertiliser and their interactions on soil properties and yield and kernel quality of the peanut variety 'Middleton'. Results and discussion Biochar application improved kernel quality by increasing the fraction of the highest commercial grade kernels (grade 'Jumbo') but did not affect photosynthesis and yield of peanut. Biochar application also increased soil total C (TC), total nitrogen (TN) and C/N ratio, and changed soil C and N stable isotope composition. Soil K and Zn content was higher in biochar treatments, which partially explains the observed kernel grade improvement. Fertilisation did not improve peanut performance, and irrigation generally had a negative effect on crop yield and physiology, but these data were compromised by high rainfall during cropping. There were few interactions among biochar, irrigation and fertiliser treatments. Conclusions Peanut shell biochar improves soil organic C, nutrient availability and peanut kernel quality under different irrigation and fertiliser rate regimes in field conditions.
Introduction
Currently, at least one ninth of the world population, mostly in developing countries, does not have food security (FAO et al. 2014) . The growing human population and the change in dietary patterns in emerging economies will increase the demand for agricultural products by 70 % by 2050, resulting in a growing gap between global food supply and demand (Strange and Scott 2005; FAO 2009; Lal 2010) . Closing this gap requires agricultural systems to produce more food per unit land area. The pressure to increase production has already led to over-exploitation of soil globally and especially in tropical and subtropical regions (Lal 2004 ). Intensive, unsustainable farming practices, based on poor understanding of soil and fertiliser applications, have led to the depletion of soil organic carbon over decades and resulted in soil degradation (Tilman et al. 2002) . Hence, it is imperative to develop new agricultural practices that preserve the sustainability of cropping systems.
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Biochar, a carbon (C)-rich product produced from pyrolysis of biomass, has unique properties that improve soil productivity (Glaser et al. 2002; Chan and Xu 2009; Smernik 2009; Thies and Rillig 2009) . Many biochars have a high fraction of recalcitrant C so that they improve soil organic C in the long term (Cheng et al. 2008; Kuzyakov et al. 2009; Paustian et al. 2014) . The porous physical structure of biochar can improve soil bulk density and aeration (Alburquerque et al. 2014; Mukherjee et al. 2014) . The large surface area also creates a high sorption capacity to retain soil moisture and nutrients (Chan and Xu 2009; Liu et al. 2012; Novak et al. 2012) . Most biochars are alkaline and are especially suitable for improving acidic soils (Novak et al. 2009 ). In particular, some biochars made from specific feedstocks (e.g., manure, poultry litter, legume crop residue) have high nutrient contents and have similar functions to organic fertilisers (Chan et al. 2008; Uzoma et al. 2011; Hass et al. 2012; Lentz and Ippolito 2012; Hosseini Bai et al. 2015) . Converting nutrient-rich waste biomass into biochars for agronomic use presents an ideal opportunity to return nutrients to the soil and helps to close nutrient cycles of cropping systems.
Although the positive effect of biochar on crop yield has been widely reported (Atkinson et al. 2010; Jha et al. 2010; Lehmann et al. 2011; Spokas et al. 2012; Graber et al. 2014) , few studies have addressed the influence of biochar application on the quality of agricultural products. Some studies have reported that biochar application improved crop quality measures, e.g., the concentration of titratable acidity of tomato (Akhtar et al. 2014) , kernel weight of wheat and soybean (Blackwell et al. 2010; Suppadit et al. 2012) , and nutrient concentration of soybean and barley (Suppadit et al. 2012; Raave et al. 2014) . In contrast, biochar application had nil or inconsistent effects on grain N content (or C/N ratio) (Noguera et al. 2010; Uzoma et al. 2011; Reverchon et al. 2014 ) and the quality attributes of wine grape (Schmidt et al. 2014) . Quality measures are critical to determine the commercial value of agricultural products, but the effect of biochar on crop quality has not been well investigated.
The effects of biochar on agricultural systems vary greatly, depending on environmental conditions and farming practices (Liu et al. 2013; Cayuela et al. 2014) . The agronomic benefits of biochar can be affected by soil moisture and nutrient management since biochar can retain water and nutrients. In general, the positive effect of biochar on paddy rice yield is about half of that on the yield of dry-land crops (Liu et al. 2013) , suggesting that the magnitude of the agronomic benefit depends on water availability. However, only a limited number of studies have compared crop performance under different irrigation or soil moisture conditions, mainly under pot growth conditions. Studies on tomato found that the positive effects of biochar on leaf physiology (increased photosynthesis and relative water content, decreased leaf ABA concentration) and seedling water status were greater under more water-stressed conditions (Mulcahy et al. 2013; Akhtar et al. 2014 ). In contrast, Kammann et al. (2011) observed that higher soil moisture (60 % water holding capacity [WHC] vs 20 % WHC) magnified the positive effects of biochar on crop biomass and seed yield.
Many studies have examined the effect of biochar under different fertilisation or soil nutrient conditions, and biochar by fertiliser interaction is frequently observed. For example, the positive effect of biochar on crop performance is generally stronger under lower than higher N fertiliser application rates (Liu et al. 2013) . However, the variation among studies is large and is related to biochar nutrient content. Peanut hull biochar, which is enriched in nutrients, improves the maize yield as well as soil potassium (K) in the absence of fertiliser, but the effect is absent when crops were fertilised (Gaskin et al. 2010) . In contrast, biochar with low nutrient concentration tends to enhance the effect of fertiliser when they were used together (Asai et al. 2009; Van Zwieten et al. 2010; Schulz and Glaser 2012; Alburquerque et al. 2013 ) but might generate negative impacts on crops when applied alone, probably due to its competition for nutrients with plants (Gajic and Koch 2012; Reverchon et al. 2014) . Studies that simultaneously examine interactive effects of biochar and multiple management factors are rare in general.
In a previous study, we grew peanut on a red Ferrosol amended with biochar and observed up to 77 % of pod yield increase compared with the control . In this study, we implemented a field experiment in which peanut shell biochar was used to amend a red Ferrosol and examined the performance of a peanut (Arachis hypogaea) crop under different irrigation and fertilisation regimes. We hypothesised that (1) soil biochar amendment would improve the crop's biomass, pod yield and kernel quality of peanut, and (2) the effect of biochar on peanut performance would be more significant under lower rather than higher soil moisture and fertiliser rate.
Materials and methods

Research site and biochar
The field experiment was conducted at the Queensland Department of Agriculture and Fisheries (DAF) Research Facility, at Kingaroy (26.53°S, 151.83°E) in the South Burnett Region of Queensland, Australia. The mean minimum and maximum temperature of the coldest (July) and hottest month (January) is 2.7 to 19.3°C and 17.3 to 30.4°C, respectively. The long-term annual precipitation average of this site is 789 mm. Erratic drought is a major constraint to summer pulse crop productions in this region. The soil at the test site is an acidic red Ferrosol (pH 5.5) with high cation exchange capacity (CEC) (Electronic Supplementary Material, Online
Resource 1). The soil is known to be severely deficient in phosphate (P) and moderately deficient in potassium (K) . The paddock used for this experiment has a long history (over 40 years) of cultivation, with a peanut and maize rotation with winter fallows.
A peanut shell biochar produced at 550°C (Tropic Earth Ltd., Tolga, Queensland, Australia) was used in this experiment, and the properties were reported in Xu et al. (2015) . In brief, the peanut shell biochar is very alkaline (pH 10.1), with high total C (67.4 %) and total N (1.3 %), rich in available mineral nutrients, and free of aluminium, lead, cadmium and chromium toxicity (Electronic Supplementary Material, Online Resource 1). Low H/C (0.433) and O/C (0.172) molar ratios indicate complete pyrolysis and high biochar stability (IBI 2013).
Field experiment
The experimental design was a split-plot with factorial subplots. Irrigated and rain-fed treatments were set as Bmain plots^; each main plot was split into six subplots on which biochar × fertiliser treatments were applied randomly. In total, 60 plots (five replicates× 2 irrigation regimes× 2 biochar rates×3 fertiliser rates) were established. Five blocks (5.4 m wide) with an interval of 1.8 m were set against the slope of the land. Twelve plots were established within each block along the cropping rows that were parallel to the contours. Each experimental plot was 8 m long, including six rows at 0.9-m interval and with a 2-m buffer zone in-between. All field measurements and sampling were conducted in the two middle rows (data rows).
The treatments included irrigation (irrigated vs. rain-fed), biochar (biochar at 9.2 t ha −1 vs. no biochar) and fertiliser rates (nil, low and high). Peanut shell biochar was applied to the land surface of the planting zone (∼45 cm wide strip each row) and incorporated into the soil with a rotary hoe to a depth of 20 cm. All other plots were rotary hoed to 20 cm as well. A compound fertiliser CK 55(S) (N/P 2 O 5 /K 2 O:S = 12.8:14.2:11.9:6.4, or N/P/K/S = 12.8:6.2:9.9:6.4, Incitec Pivot Fertilisers, South Bank, Victoria, Australia), which is commonly used for peanut cropping in this region, was applied at 50 and 100 kg ha −1 for low and high fertiliser rate treatments, respectively, using a tractor-driven mechanical fertiliser. The irrigation treatment received supplementary irrigation of 40 mm of rainfall after planting and then whenever there was a continuous dry spell for 2 weeks throughout the growing season (120 mm in total, equivalent to 1/6 of natural precipitation during the period). The irrigation was applied using overhead sprinklers. A Virginia type commercial peanut cultivar Middleton (PBR MD1-E O1224, Peanut Company of Australia Ptd., Kingaroy, Queensland, Australia) was used in this experiment. Peanut seeds, pre-treated with a nodulaid flowable peat formulation (Becker Underwood Pty Ltd., Somersby, New South Wales, Australia), were planted at a rate of 72 kg seeds ha −1 on 19 December 2012. The planting area covered all experimental plots, the buffer zones among plots and the intervals among blocks.
Gas exchange measurement and leaf analysis
Photosynthetic gas exchange measurements were conducted on March 26-27, 2013, ∼3 months after emergence, when peanuts were at pod-filling stage. Leaf gas exchange characteristics were measured with a portable photosynthesis system (Li-Cor 6400, Lincoln, NE, USA) equipped with CO 2 and temperature control modules. For each plot, three plants were selected randomly and one leaflet of the fifth or the sixth leaf from the top of the main branch was used for gas exchange measurements. The photosynthetic rate was measured under the saturating photosynthetic photon flux density (PPFD= 1500 μmol m
) with the external CO 2 partial pressure (C a ) set at 400 ppm and leaf temperature set at 28°C. All measurements were conducted between 10 am and 4 pm. Photosynthetic parameters were recorded when gas exchange had equilibrated (when the coefficient of variation for C a between the sample and reference analyser was below 0.3 %), which typically took 2-3 min to achieve. The light was supplied by blue-red light-emitting diodes mounted above the leaf cuvette, and the leaf temperature was controlled by a thermoelectric cooler. Leaf portions sealed in the cuvette were then cut and scanned to determine leaf area (Win Folia 2004, Regent Instrument Inc., Sainte-Foy, Quebec, Canada).
The leaf samples were then dried in a fan-forced oven at 80°C and weighed (Mettler AE200, Mettlar Toledo, Port Melbourne, Victoria, Australia) to calculate leaf mass per area (LMA). Dried leaves were ground into fine powder for measurements of total C, total N, and C and N isotope compositions using a combustion method with an elemental analyser (Europa EA-GSL, Sercon, Ltd., Crewe, UK). Leaf N data were presented in area-and mass-based units (N area , N mass ) and the C/N ratio was calculated. The saturating photosynthetic rate was presented in area-and mass-based units (A area , A mass ). Photosynthetic N use efficiency under saturating light (PNUE) was calculated using A and leaf N. The C and N isotope composition was determined by a continuous flow isotope ratio mass spectrometer (GV Isoprime, Manchester, UK). The C and N isotope ratio was expressed as δ 
Crop leaf area index
Following gas exchange measurements, leaf area index (LAI) of the peanut crop canopy was measured with a LAI meter (AccuPAR LP-80, Decagon Devices, Pullman, WA, USA) at three randomly selected locations in each of the two data rows for each plot.
Harvest
Plants were harvested on 30 May 2013. For each plot, a 2-m row of peanut crop (with no gap in the canopy) within each data row was marked and manually harvested to estimate aboveground biomass and pod weight. Aboveground biomass was oven-dried at 60°C for at least 48 h and weighed to assess the maximum potential aboveground biomass (MPAB). The pods were washed and dried at <40°C to assess the maximum potential yield (MPY). The remaining crop in the data rows was harvested using a mechanical plot harvester, and pods were air-dried for 3 weeks in the field before recording the total plot yield.
A subsample of 1 kg pods was shelled, and the kernels were graded using a commercial grader (Kingaroy Engineering Works, Kingaroy, Queensland) which segregated kernels into six grades based on their size: jumbo, grade 1, grade 2, splits, manufacturing (MFG) and oils. The jumbo, grade 1 and grade 2 kernels are generally used for snack food processing and had the highest commercial value, splits and manufacturing grades are mainly used to make peanut butter/ paste and had medium value, and oil grade kernels or kernel fragments are generally used to make peanut oil and had the lowest value. The ranges of intact single kernel weight for jumbo, grade 1, grade 2 and manufacturing for the variety used in this study were 1.09-1.43, 0.89-1.01, 0.68-0.75 and 0.52-0.63 g, respectively.
Soil sampling and analysis
After the gas exchange and crop canopy measurements, six 3-cm soil cores were collected from each plot (0-10-cm depth, three within each data row, about 200 g in total). Soil samples were air-dried and sieved through 2 mm. There was no visually recognizable loss of biochar from soil during this process. A soil suspension was prepared with 1:5 ratio in doubledistilled water to measure the electrical conductivity (EC) and pH with the electrometric method (LabCHEM-CP, TPS, Springwood, Queensland, Australia). Soil NH 4 + -N and NO 3 − -N were determined using a SmartChem 200 Discrete Chemistry Analyser (Unity Scientific, Brookfield, Connecticut, USA) (Hosseini Bai et al. 2012) after extractions in 2 M KCl. To determine total C (TC), total N (TN), C isotope composition (δ 13 C) and N isotope composition (δ 15 N), airdried samples were ground to a fine powder using a Rocklabs™ ring grinder. Then, approximately 70 mg of ground soil was transferred to tin capsules (5×8 mm) and processed using a continuous flow mass spectrometer (GV Isoprime, Manchester, UK) (Xu et al. 2008 ).
Extractable S, exchangeable bases (Ca, K, Mg and Na), CaCl 2 -extractable boron (B) and DTPA-extractable metals (Cu, Fe, Mn, Zn) were measured by preparing 1:5 soil solution extracts in 0.01 M Ca(H 2 PO 4 ) 2 (mixed for 16 h), 1:10 soil solution extracts in 1 M ammonium chloride (mixed for 1 h), 1:2 soil solution in hot 0.01 M CaCl 2 and 1:2 soil solution extracts in 0.005 M DTPA (mixed for 2 h), respectively. Then, the nutrient elements were measured on centrifuged and filtered extracts using an ICP-OES (Vista Pro, Varian Inc., Palo Alto, California, USA). Colwell P was measured by making 1:100 soil solution extracts in 0.5 M sodium bicarbonate and mixing it for 16 h; the extracted phosphorus present was determined using optical absorbance on centrifuged and filtered extracts using a SEAL AQ2+ Discreet Analyser (Seal analytical Ltd., Fareham, Hampshire, UK), and the ammonium molybate/ascorbic acid colour reaction with potassium antimonyl tartrate was added to control the reaction rate (Rayment and Lyons 2011).
Statistical analysis
The effects of biochar, irrigation and fertiliser on the crop and soil properties were analysed with a split-plot ANOVA with a factorial subplot design. The irrigated and rain-fed areas were treated as the main plot; each main plot was split into six subplots on which biochar (two levels)×fertiliser treatments (three levels) were applied randomly. The main effects of irrigation, biochar and fertiliser treatments and the interactions were tested for all measured parameters after the random effect of block was fitted. The mean square value of irrigation× block was used as the main-plot error term to test the effect of irrigation. The main effects of biochar and fertiliser, as well as all interactions between treatments, were tested against the subplot error. When necessary, square root or log transformations were performed to meet the assumptions of normality and homoscedasticity. All analyses were conducted with Datadesk 6.0 (DataDescription Inc., Ithaca, NY, USA).
Results
Peanut physiology, yield and kernel grade
Our plots generated pod yield between 4.1 and 4.8 t ha . This was higher than the yield on most local farms (1.25-2.5 t ha ) (Rachaputi, personal observation). Biochar did not affect peanut photosynthesis, leaf properties and peanut yield (Table 1) . However, biochar application improved the quality of peanut kernels (Fig. 1) . On average, biochar treatments increased the proportion of 'jumbo' grade kernels from 18.9 to 20.4 %, which was similar to the reduction of fractions of grade 1 and grade 2 kernels (40.9 to 39.2 %) (Electronic Supplementary Material, Online Resource 2). This shift suggests a lift in the grade of high value snack food kernels (jumbo, grade 1 and grade 2). The irrigation treatment had a negative effect on peanut performance in our study, mainly due to the unusually high rainfall during the experiment (95th percentile for January to June during the period of 1882-2014). The irrigated treatment reduced LMA, N area and water use efficiency (indicated by more depleted δ 13 C) and resulted in a 7 % yield decline (4.22 vs. 4.52 t ha −1 ) ( Table 1) . Irrigation also resulted in some degradation of kernel quality, as evidenced by the decline in the fraction of Jumbo, splits (the highest grade of snack food kernel and non-snack food kernel, respectively), and an increase in the shell fraction (Electronic Supplementary Material, Online Resource 2, 3). There was no effect of applied fertiliser levels on peanut physiology or yield. Foliar δ 15 N was not influenced by either of the treatments, but a significant interaction between biochar and irrigation was observed (Fig. 2a) . Similarly, the biochar by irrigation interaction affected the fraction of MFG kernels (Fig. 2b) .
Soil properties
Peanut shell biochar amendment significantly altered the concentration and stable isotope compositions of C and N in red Ferrosol. Biochar increased the soil TC, TN and C/N ratio but depleted soil δ (Table 2) . Irrigation significantly increased soil TC (1.87 vs. 1.70 %) and C/N (18.7 vs. 17.1) and acidified soil pH by 0.4 U (6.1 vs. 5.7). Interestingly, fertilization resulted in a non-linear effect on soil TC and TN with the low fertilization treatments increasing soil TC and TN, while TC and TN were unaffected by the high fertilization treatment (Table 2) . No significant interaction between any treatments was observed for these soil properties. Neither of the treatments influenced soil NO 3 − -N and NH 4 + -N (Table 3 ). The interaction between biochar, irrigation and fertilisation was significant for NH 4 + -N (Table 3) . Biochar application increased soil available K, Na and Zn. In particular, biochar increased the soil K level from medium to high, and the difference in soil available K between biochar and no biochar treatments increased with fertiliser rates, suggesting that biochar might be critical to retain soil K and decrease K leaching (Fig. 3a) . The effect of irrigation on soil available K was not significant. There was a significant interaction between biochar and fertilization for soil available S (Fig. 3b) , but none of the main effects (biochar and fertilization) were significant (Table 3) .
Irrigation increased soil available B, Fe and Na but reduced soil available Ca, Cu and P (Table 3 ). In particular, soil Ca level declined from high to medium when irrigated. There was an interaction between irrigation and fertilization for soil available B. Fertiliser level did not affect soil nutrients (Table 3) . 
Discussion
In this study, biochar application significantly improved peanut kernel grade but did not improve leaf physiological attributes (photosynthesis, N content, LAI) and the yield of aboveground biomass and pods. Thus, our first hypothesis was only partially supported. Soil amendment with peanut shell biochar improved soil properties, including TC, TN and available K, Na and Zn, on the red Ferrosol. These improvements were associated with an increased proportion of jumbo kernel in biochar treatments. In contrast, there were few interactions between biochar, irrigation and fertiliser treatments with respect to soil and crop properties, rejecting our second hypothesis. However, our results highlighted that peanut shell biochar improved soil organic C, nutrient availability and peanut kernel quality across multiple irrigation and fertiliser rate regimes under field conditions. Together with a related study, which showed peanut pod yield improvement between 77 and 200 % on two contrasting soil types under greenhouse conditions , we demonstrated the potential of using peanut shell biochar to improve peanut yield and kernel quality. Using waste peanut shell to make biochar for agronomic use could effectively return nutrients to soil to help close the nutrient cycle of the cropping system. In particular, the practice could generate combined benefits of waste treatment, energy generation and crop quality improvement. Values shown are means of treatments and main effects. Bold fonts highlight significant effects (P<0.05), and arrows show the direction of the response to the main effects. Means are compared with least significant difference (LSD) test when any main effect or interaction is significant in ANOVA. Values followed by the same letter are not significantly different at P=0.05 Table 3 Treatment and effect means of available inorganic nitrogen (N) and mineral nutrients in soil and ANOVA results
Treatments/source of variation 
Crop yield and kernel quality
The positive effect of biochar on peanut kernel grade was consistent with other studies on grain kernel weight (Blackwell et al. 2010; Suppadit et al. 2012) . Blackwell et al. (2010) observed that biochar improved the kernel weight of dryland wheat only when it was used in combination with fertiliser. They suggested that improved moisture retention by biochar reduced drought stress and facilitated fertiliser uptake, thereby leading to the improvement of wheat grain quality (Blackwell et al. 2010) . Similarly, Suppadit et al. (2012) attributed an increase in soybean seed weight in biochar treatments to the effect on water and nutrient retention. In our study, the 2012-2013 growing season was characterised by high rainfall, and the peanut crop was unlikely to have experienced severe water stress, so the observed improvement in kernel quality might mainly be attributable to the improved nutrient availability for plants in biochar treatments. Biochar generally improves yield more in legume crops than cereals and vegetables (Liu et al. 2013) . Yield improvements in peanut were observed in other studies (35-50 % in field conditions by Yamato et al. (2006) and Islami et al. (2011) , and up to 200 % in pot experiments by Xu et al. (2015) ). The increased yield was mainly attributed to the nutrient input and retention of biochar and stimulation of biological N fixation (Yamato et al. 2006; Xu et al. 2015) . In a complementary pot experiment using the same peanut shell biochar in a red Ferrosol, significant stimulation of photosynthesis and pod yield was observed only when the application rate was over 20 t ha −1 ). In our current study, lack of biochar effects on yield and physiological status in peanut can be attributed to the relatively low application rate in the field (9.2 t ha −1
). To achieve yield improvement under field conditions, higher biochar application rates may be required, and this needs to be further examined in future studies.
Soil properties
Biochar application increased soil C and N. The low O/C ratio of peanut shell biochar (<0.2, Electronic Supplementary Material, Online Resource 1) indicate a stable form of C which potentially could sequester C (Spokas 2010) . In addition, biochar could suppress the decomposition of native soil organic matter (negative priming effect), and this might contribute to the increment of soil C as well (Lu et al. 2014) . Another interesting phenomenon was that soil inorganic N was not affected despite an increment of soil total N. There are two possible explanations. First, previous studies suggest that peanut shell biochar has a high fraction of recalcitrant N, which does not decompose in the short term (Gaskin et al. 2010; Schomberg et al. 2012) . In this case, biochar N would be gradually mineralised in the soil as a slow-release fertiliser. Alternatively, biochar application could have immobilised soil N, which, although not extractable, could still be biologically available (Taghizadeh-Toosi et al. 2012) . Thus, biochar could lead to long-term improvement of soil slow-release/biologically available N.
The productivity of peanut on red Ferrosols in the Kingaroy region is mainly constrained by P and sometimes K (G. Wright, personal communication). Peanut shell biochar is enriched in P and K, which increased soil P and K levels ( Fig. 3) and could potentially be an organic fertiliser in red Ferrosols. In particular, peanut pods have no connection to xylem and mainly absorb mineral nutrients from surrounding soil through mass flow (Skelton and Shear 1971; Zharare et al. 2009 Zharare et al. , 2010 . Thus, biochar in the pod zone soil (0-10 cm) could facilitate nutrient uptake of the pods, thereby partially explaining the improvement of kernel grade. This also explains why biochar in this study had no effect on leaf physiology, given that vegetative parts would mainly acquire nutrients from deeper in the soil profile (30-60 cm) (Wang et al. 2014) .
The red Ferrosol at our site had a major P deficiency. Previous studies suggest that biochar could be a slow-release P pool through mineralization (Wang et al. 2012; Slavich et al. 2013; He et al. 2014) , and peanut shell biochar added 3.6 kg available and 9.9 kg total P ha −1 in our experiment. Despite this significant P input (higher than total P input in our fertiliser treatments), the change of soil available P was not significant. This was probably due to the high contents of Fe and Al oxides in the soil, which locked up P in low pH soil (Cui et al. 2011) . Increased K availability is an important mechanism for biochar to promote the growth, biological N 2 fixation and competitive ability of legume species (Mia et al. 2014; Oram et al. 2014 ). In our study, the high K input in the peanut shell biochar (104 kg available K and 126 kg total K ha −1 ) improved the level of soil available K from medium to high (Peanut Company of Australia, unpublished data) and might contribute to improved kernel grade. On average, biochar application increased the K content of soil by 41 mg kg −1
(∼76 kg K ha −1
), suggesting that more than 75 % of biochar K input was preserved in the surface soil. Although biochar contained a high fraction of extractable K (>80 %) and the site was subject to high rainfall in the early growing season, the loss of K appeared limited. These results suggest that biochar produced from peanut shell could effectively retain and improve soil K availability.
Factors influencing biochar-irrigation and biochar-fertiliser interactions
Biochar has a high sorption capacity to conserve soil moisture and nutrients (Chan and Xu 2009; Liu et al. 2012; Novak et al. 2012) so that its interaction with irrigation and fertilisation were likely to influence crop and soil properties. For example, biochar increases maize yield in the absence of fertilisers, probably due to its high nutrient content, but no effect was observed when fertiliser was applied (Gaskin et al. 2010 ). Thus, we expected that biochar application would improve crop yield in rain-fed and nil or low fertiliser rate treatments, while the effect would be less significant in irrigation and high fertiliser rate treatments. However, these expected interactions were largely absent. A few extreme precipitation events (about 300 mm on 27 to 28 January, 100 mm on 26 to 27 February and 2 to 3 March) appeared to be responsible for this unexpected phenomenon. High precipitation could lead to loss of most fertiliser (owing to heavy surface runoff and leaching). These impacts could offset the effects of irrigation and fertilization and explain the lack of significant interactions with biochar.
Conclusions
In this study, peanut shell biochar enhanced soil organic C, soil nutrient availability and kernel quality irrespective of different irrigation regimes and fertilisation rates. In particular, biochar improved the nutrient status in the pod zone of soil, thus contributing to an improvement of kernel grade. The absence of expected biochar × irrigation and biochar × fertilisation interactions might be due to high rainfall during the growing season. The current study, together with a related pot experiment which observed significant improvement of pod yield in biochar treatments, demonstrated the potential of using peanut shell biochar to improve peanut yield and kernel quality. As the under-utilised by-product of the peanut industry, peanut shell could be made into biochar for agronomic use to combine the benefits of nutrient recycling, soil improvement, waste treatment, energy generation and C sequestration.
